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NOMENCLATURE a i
Cost function coefficient for generation unit i.
P G i
Output of generator number i. f j Line flow for line number j.
D i
Demand at bus number i. GSF j,i Generation shift factor for line j and generation unit i. c j,i Normalized GSF j,i .
NL
Number of transmission lines.
NG
Number of generation units. N Number of loads.
P, N
Set of positive and negative GSFs, respectively. S Feasibility region of an OPF problem.
S
New feasibility region after removing a constraint.
MW generation change at bus i. Δf j Amount of flow increase for congestion occurrence.
Δf j
Remaining transmission capacity of line j. f j,max Maximum transmission capacity of line j.
Δf k
Line flow change at line k. ΔP G i ,max Remaining generation capacity. ΔP G i ,min Generation decrease to the minimum limit. ΔP G i ,min Generation lower limit, which defines the range of output changes for generator i. ΔP G i ,max Generation upper limit, which defines the range of output changes for generator i. ΔP G i * Generation output changes that create the maximum amount of power flow over line j.
M j
Maximum line flow increase for the studied operating point using ΔP G i . M j * maximum line flow increase for the j th line using ΔP G i ,max and ΔP G i ,min .
I
The identity matrix. y NL Slack variable in optimization problem.
I. INTRODUCTION AND PROBLEM DESCRIPTION

I
DENTIFICATION of the number and locations of simultaneously congested transmission lines (SCTLs) or interfaces is important for managing congestion risks in power system and electricity market operation. SCTLs refers to a set of transmission constraints that can become congested at the same time (either binding on or exceeding the operating limits), and must raise the awareness of operation. Identification of SCTLs involves finding 1) the maximum number of SCTLs, 2) a set of SCTLs, and 3) the location of lines that are more likely to be included in the set of SCTLs. Since congestion limits economical power flow in the grid, distinguishing the lines that can become congested more easily or more frequently than others would be very important information to participants for market analysis for short-term power purchase and evaluation of financial transmission rights on congestions.
Under the market economic structure, the current operating state of power system reflects the results of short-term security constrained economic dispatch (SCED) that is normally formulated as a linear optimal power flow (OPF) problem subject to certain equality and inequality constraints. The constraints of the OPF define the feasibility region for the optimal solution.
For a typical OPF problem, usually there are only a limited number of binding transmission constraints, and those non-binding constraints can be seen as redundant for defining the feasibility region. 1 In order to show that SCTLs are often very limited in number, we have carried out several intensive simulation case studies, where attempts are made to create as many SCTLs as possible. Through these studies, it is observed that the group of lines that become congested first, are always from the low cost generation zones even when load demand and generation offer prices are adjusted in an attempt to create more SCTLs. Moreover, we observed that it is difficult to create new congested lines without overloading the lines that are already congested. These observations make practical sense in that the power system is designed to support transferring power from the generation zones of lower production costs to the load zones, the dependencies among transmission lines in terms of congestion sequence could be very likely. For example, many of our case studies show that some inequality constraints will only become binding after some other specific lines are binding or in limit violation; thus, these inequality constraints are either redundant with respect to certain lines, or they may never bind (such as in the case of newly constrained corridors).
Practical power market operations also confirm our simulation studies, i.e., that the number of SCTLs is usually very small. For example, based on the published information in ER-COT market, the maximum number of constraints/interfaces that were simultaneously active (i.e., binding) during the entire year of 2013 was only 14 among the over 10,000 transmission lines in ERCOT. Moreover, it had only happened during the two days of March 3rd and June 4th. In the remaining days of the year, the numbers of simultaneously active constraints are less than 14. In fact, the second most SCTLs in the year 2013 was only 9 that occurred each on the evening of January 29th and in mid-day September 27th, [1] .
The results of these investigation efforts suggest that it would be beneficial to study the possible simultaneously congested lines in a short-term market analysis, given the current operating condition. An efficient approach is to identify and eliminate a significantly number of transmission constraints that may not be binding, to help support power system and market decisions.
Through the literature review, we are unable to find any previous work that addresses the above challenging topic. In general, we found that transmission congestions are often studied from either the engineering perspective, or the optimization perspective. For example, [2] evaluates the importance of congested transmission lines using power transfer distribution factors. Many studies investigated the solution space of SCED, such as [3] and [4] . Moreover, many studies focus on congestion management at the planning stages, such as those reported in [5] - [11] . These studies are not relevant to SCTLs identification.
Some recent papers analyze the characteristics of transmission congestion to address issues arising from different market applications, [12] - [15] . For example, [12] uses market data to develop probabilistic patterns by which the impact of future congestion on LMP changes can be forecasted. The proposed approach involves four steps: Processing the historical data to identify patterns, linear-affine mapping between load vectors and system variable solutions, probabilistic point inclusion tests for possible load points in the future, and probabilistic forecasts of future operating points. Similarly, [13] presents an approach to construct an optimized FTR portfolio based on forecasting the congested network elements. The approach analyzes the historical data record of binding frequency and the economic impacts to construct an approximation of the cumulative distribution function model for transmission usage charge. Then, it utilizes the models for transmission usage charge to categorize the constraints in terms of zero congestion participation, partial congestion participation and specified congestion participation. Both algorithms proposed in [12] and [13] are based on mining historical data and creating probabilistic forecast models to predict LMPs and to construct the optimized FTR portfolio. In [14] , a methodology is proposed to estimate the impact of load increase on marginal units and binding constraints. The algorithm utilizes the current operating condition to identify the next binding limit and critical load level. Then for an increased load profile, it finds the generation sensitivities to help predict the new marginal units and binding constraints for the future timeframe. The study of [15] shows that many of the transmission constraints may not be binding in system reliability evaluation at the planning stage. For this reason, a heuristic method was developed based on the concept of steady-state security region. It can help predict the less important transmission constraints in long-term system reliability assessment studies, such as on load variation or generation/transmission line outage.
In operations research, some studies have been performed to understand the constraints that play less important roles in feasibility region determination, to facilitate the search for the optimal solution, [5] , [16] - [21] . In addition, there are some other works on developing techniques to reduce the number of inequality constraints based on constraint combination or constraint alteration. These studies apply algebraic procedures to generate a smaller but equivalent set of constraints, [16] . Among the relevant techniques of operations research, none can be directly applied to help achieve our study objective, i.e., the identification of SCTLs.
In this paper, we study the physical and economic mechanisms that create simultaneously congested lines in a short-term power market. As a result, a novel algorithm is developed for effectively identifying SCTLs. The most essential components of the algorithm are the following two criteria: Maximization Elimination and Comparative Elimination that each analyzes the absolute impacts of generation dispatch decisions on congestion, and the relative sensitivities of line flows with respect to the changes in generation outputs, respectively. By applying the two criteria, the majority of redundant transmission constraints can be identified and removed, leading to a much reduced set of SCTLs to support further operational or economic studies.
The main contribution of the paper lies in the development of a novel algorithm that shows the inherent sequence among binding transmission constraints relevant to the system physical and economic parameters, and the approach to identify the ones that can simultaneously bind before others. The algorithm achieves the following important objectives: A) finding SCTLs based on the current operating condition using an analytical approach, B) eliminating a significant number of redundant transmission constraints to reduce the dimension of optimization problem for market clearing, C) providing a quick overview on transmission lines that require the most operational attention in short-term markets. The simulation case studies using a large-scale realworld power system model have demonstrated the effectiveness of the algorithm and the objectives achieved. The algorithm enables system operators and market participants to perform real-time analysis to identify a short list of the critical lines for further congestion evaluation and management.
The rest of the presentation is organized in the following order: In Section II, an analytical study is presented to show a theoretical limit on the maximum number of SCTLs; in Section III, the algorithm as well as the two criteria are presented to identify a small set of transmission lines with high probability of congestion; in Section IV, two simulation case studies are presented for further illustration and effectiveness validation of the proposed algorithm; Section V concludes.
II. THE THEORETICAL LIMIT OF NUMBER OF SCTLS
In this section, we derive the theoretical upper limit for SCTLs in a general optimal economic dispatch problem using some concepts of linear programming (LP).
A. Model Formulation
The general OPF problem in power market analysis can be formulated as a LP problem, described by (1)- (7),
Note that (5)- (7) represent transmission constraints pertinent to both the base-case and post-contingency conditions, implicitly. In practice, these constraints are formulated based on recommendations made by the contingency analysis performed during the day-ahead or intraday operations planning. Unless unpredicted, drastic changes occur in power system operating condition (such as load demand or network topology), continuously updating the transmission constraints (i.e., (5)- (7)) based on operation planning studies adequately helps to ensure (N-1) security while reducing the computational burdens of market solution algorithms such as SCED. Performance of the algorithms would otherwise be seriously impaired due to the large amount of sensitivity data (i.e., the GSF's) and constraints.
As shown in (7), power flows are affected by both generation and loads. When calculating the changes of line flows in this study, we consider the output changes for individual generators and assume that the magnitude variations of loads are proportional system-wide. Meanwhile, the load locations and types do not change significantly. Thus, for a given load pattern, the constraints described in (5) and (6) can be expressed in terms of the incremental changes of generation output. That is,
Similarly, the generation capacity limit constraints can also be expressed in terms of the incremental changes of generation output, i.e.,
B. Definition of Redundant Transmission Constraints
For the general OPF problem formulated in (1)- (7), we state that a constraint is redundant if it will not change the feasibility region when being eliminated from the set of constraints. Given the set of transmission and generation constraints in (9) and (10), the feasibility region of this OPF problem is described as follows,
For the mth transmission constraint (for ensuring either preor post-contingency security), (11), it is assumed that the optimal solution does not change after the constraint is removed. In this case, the new feasibility region after removing the constraint is described by a smaller set of constraints as:
Then, the m th transmission constraint is redundant if S = S .
C. Theoretical limit of SCTLs
The theoretical limit here is defined as the maximum number of possible SCTLs, which can be described with a simple proposition:
Proposition 1: For the OPF problem described by (1)- (7), if there exists a unique optimal solution, then the theoretical limit of SCTLs is the number of the dispatch decisions of all online generation units minus one ("minus one" is due to the fact that the power balance constraint is always binding).
The proof of Proposition 1 is presented in the Appendix. Note that the theoretical limit on SCTLs refers to those transmission constraints that are binding (slack variable = 0), but not those that are already violated. Since, if all are included, then the number of slack variables is considered in the formulation. Therefore, the set of SCTLs should not include transmission constraints that are violated. This assumption is reasonable; since in practical operations, a transmission constraint is not allowed to be violated for longer than a maximum limit such as 25 minutes; otherwise, severe penalties will be imposed on the operator by regulators. In general, the normal loading (pre-contingency) on a transmission constraint is not allowed to be higher than the normal rating of the line, and the postcontingency loading is not allowed to be higher than the applicable emergency rating of the line.
D. Summary
In a practical power system, the number of transmission lines are always much larger than the number of generation units (NL >> NG). The theoretical limit of the maximum number of SCTLs according to Proposition 1 suggests that:
1) The number of SCTLs is less than the number of online generation units, which is on the order of hundreds in a large interconnected power system with thousands or tens of thousands of transmission lines. Even among the generators that are connected online, some cannot be dispatched due to operating at capacity limits or self-scheduling. If these practical operating conditions are considered in the OPF, the theoretical limit can be further modified to be only the number of online generators that can be dispatched between their maximum and minimum limits. 2) The maximum rank of [GSF ] (i.e., introduced in proof of Proposition 1) would be equal to its column rank, which is the number of online generation units. It means that the maximum number of SCTLs defined in (18) should be less than the maximum rank of [GSF ]. Proposition 1 also requires that the OPF problem be a LP problem with unique non-degenerate solution. A solution to a LP problem with i decision variables and j inequality constraints, i ≤ j is degenerate if more than i inequality constraints are binding at the optimal solution point. In power market operation, solution degeneracy involving multiple binding transmission constraints rarely occurs.
As discussed in Section I, the actual number of SCTLs observed in the power market is much less than the number of online generation units, i.e., the theoretical limit of SCLTs.
It is noticed that in the above OPF problem, there are two factors that may be used to further reduce the number of SCTLs: generation capacity and transmission line limit constraints. For a generation unit, once a capacity limit constraint becomes binding, the generation output is fixed and can be eliminated from the set of decision variables in the optimization problem. In practice, there are other types of generation constraints, which may help reduce the number of decision variables as well, such as ramping rate requirement or out-of-merit manual dispatch instructions. In reality, the binding transmission constraints that define parts of the feasibility region boundary of the OPF are few in number and most other transmission constraints are outside the feasibility region boundary.
In the next section, we will propose an algorithm that helps identify and eliminate redundant transmission constraints.
III. SIZE REDUCTION OF SCTLS SET
In this section, we propose an effective algorithm that further reduces the size of the set of SCTLs. The algorithm involves two important criteria, i.e., Maximization Elimination and Comparative Elimination. Each of the two criteria helps create a set of SCTLs by eliminating redundant constraints. As a result, a smaller set of SCTLs is further obtained by taking the intersection of the two sets created based on the criteria.
A. Maximization Elimination Criterion
The Maximization Elimination criterion analyzes the absolute impact of the changes of generator output on transmission congestion, as described by the following proposition.
Proposition 2: Consider the jth transmission constraint in the OPF problem. Let {ΔP G i * , i = 1, . . . , NG} be the set of generation output changes that creates the maximum amount of power flow over transmission line j. If
The proof of Proposition 2 is presented in the Appendix. Proposition 3: Consider the jth transmission constraint in the OPF problem. If the maximum line flow M j * can be written in a similar form as that of (19) , shown in proof of Proposition 2, i.e.,
Then, if M j * ≤ Δf j , transmission constraint j is redundant. Proof: In the studied OPF problem described by (1)- (7), the redundant transmission constraints can be identified by calculating M j in (19) . Based on the Maximization Elimination criterion, if M j < Δf j , j = 1, . . . , NL, holds, then the jth transmission constraint is redundant.
The transmission line constraints are represented by (8) . These constraints indicate that the line flow change should fall within specified limits as generation outputs are being varied. Therefore, a transmission constraint is redundant if the maximum line flow increase cannot reach the specified limits. Based on (8), the maximum possible line flow increase can be found by solving the following optimization problem:
where, P j = {i; GSF j,i > 0} and N j = {i; GSF j,i < 0}
In the maximization problem above, the objective function consists of two terms in which the constant coefficient (GSF) is positive in the first and negative in the second term. In order to maximize the objective function, ΔP G i in the first term should be set to its maximum value, and ΔP G i in the second term should be set to its minimum value. This way, at the optimal solution, the first and the second terms reach their maximum and minimum, respectively. So, the optimal solution can be represented as (13) .
With M j * being the maximum possible line flow increase at line j for the current operating point, any transmission constraints with M j * ≤ Δf j would be redundant. In power systems, based on the generation dispatch of OPF and the current operating condition, it is reasonable to assume that line flows are functions of the generation output patterns. Then, maximizing the generation output for positive GSFs and minimizing the generation output for negative GSFs of a line yield the maximum flow for the line of interest. So, plugging in ΔP G i ,max and ΔP G i ,min in the first and the second terms of (14) guarantees M j to be the maximum flow increase for the studied operating point. And if M j * ≤ Δf j , the constraint for line j is redundant.
Proposition 3 states sufficient conditions for both identifying the redundant transmission constraints and creating a reduced set of SCTLs.
B. Comparative Elimination Criterion
The Comparative Elimination criterion is used to identify redundant transmission constraints by comparing the sensitivities of power flow among transmission lines to the possible changes in generation output levels. The criterion is described by the proposition following the definition of "normalized" generation shift factors.
Definition of normalized generation shift factor: Rewrite the transmission constraints of (8) by dividing both sides of the inequalities with the line flow limits, noting that the limit has been changed to Δf j (Δf j ≥ 0):
Thus, constraints described by (8) are reformulated with the right-hand-side being equal to 1, as shown below,
We would like to call c j,i defined by (15) Proof: In the development of the Comparative Elimination Criterion, it is assumed that small GSFs have insignificant impacts on the line flows and that they can be ignored in comparison with the large GSFs. Under this condition, as we are interested in increasing the line flow, large positive GSFs would be associated with positive ΔP G i 's, and large negative GSFs would be associated with negative ΔP G i 's. Thus, the product of each GSF and its corresponded ΔP G i would be a positive value. Considering this assumption, the criterion is developed as follows:
By dividing the both sides of (8) by Δf j , the transmission constraints can be rewritten as (16) . With respect to (16) , if there exist lines k and l such that c k,i ≤ c l,i , then for an arbitrary value of ΔP G i the kth constraint is redundant. Note that the right hand side of the inequality (16) is equal to 1. Therefore, when the inequality is satisfied for line l, it is also satisfied for line k under the same generation dispatch ΔP G i 's. In other words:
This implies that the lth constraint prohibits the kth constraint from binding and defining the boundary of the feasibility region. Therefore, the kth constraint can be eliminated as a redundant constraint.
According to Proposition 4, the redundant transmission constraints in the OPF problem can be identified by comparing the rows of the [C] N L×N G matrix, where the elements c j,i are defined by (15) . This will be illustrated later in the paper.
C. Algorithm for Identification of SCTLs
As shown in the above propositions, the Maximization Elimination and Comparative Elimination criteria are sufficient conditions for identification of redundant transmission constraints. Therefore, both are conservative criteria that are capable of identifying some redundant constraints from the absolute-value and relative-value perspectives. However, in each set of the SCTLs created by the criteria, there may be some lines that overlap.
In the following proposed algorithm, we initially eliminate some redundant constraints based on the Maximum Elimination and the Comparative Elimination criteria. Using the changes in the optimal dispatch of generation outputs, the Maximization Elimination criterion calculates and compares the maximum power flow increase against the available transfer capability of each line. Thus, the redundant transmission constraints identified based on this criterion are ones where power flow increases are always less than their available transmission line capacities. Similarly, the Comparative Elimination criterion identifies another set of redundant constraints by comparing the values of row elements in the C matrix. Specifically, if there are two rows j and k where c j,i ≤ c k,i for all i = 1, 2, . . . , NG and k = 1, 2, . . . , NL, the jth transmission constraint is redundant. Finally, the smaller set of SCTLs that we search for is found by taking the intersection of the two sets of non-redundant constraints created by the criteria. The main application of the Intersection Algorithm is to determine a set of lines with a high possibility of being simultaneously congested, in short-term or real-time market system operation. This algorithm receives near real-time information about the system operating state and economic parameters from the OPF solution to identify the SCTLs. Hence, the impact of power market factors such as transmission fee and transmission loss allocation would have already been embedded in the dispatch decisions of the OPF solution, which are input to the algorithm.
It is noted that the two criteria used in the algorithm apply to both base-case and post-contingency transmission constraints among (5)-(7). In estimating SCTLs at time t i+1 given the real-time market solution at time t i , drastic system changes rarely occur and therefore, the market solution should remain in the vicinity of the current optimal solution vertex, as guaranteed by the Maximization Elimination and the Comparative Elimination criteria.
The flowchart of this search algorithm, called Intersection Algorithm, is presented in Fig. 1 . As will be shown in the next section, the algorithm can significantly reduce the size of the set of SCTLs from the theoretical limit, i.e., the number of online dispatchable generators.
IV. CASE STUDIES
In this section, the Maximization and Comparative Elimination criteria are further discussed using the examples of IEEE 39-bus system and the Texas power system.
A. IEEE 39-Bus System
In this system, there are 31 lines, 10 transformers, 39 buses, 10 generators and 17 loads. We assume that load changes happen slowly and incrementally. 
1) Illustration of Maximization and Comparative Elimination Criteria:
We will first illustrate the Maximization Elimination Criterion. This criterion evaluates the absolute impact of generation on congestions. To this end, we compare the effect of all online generation units on congestions based on the information in Tables I and II.  Table I shows the GSFs for some of the most and least sensitive lines towards generation dispatch, along with the individual generation changes required to create congestion on each of the lines. According to Table I , line 2-3 can easily get congested for output increase on most of the generation units. On the other hand, lines 4-5 can get congested only for output increase on generation units G 31 , G 32 or G 39 . Table II shows the additional output changes required for each generator in order to overload the transmission lines. Due to presentation limit, we only show the required generation output changes to overload lines 2-1, 2-3, 16-15, 4-5 and 16-19 in columns 2 to 6, respectively. For example, the number in col 5, row 2 is the required amount of generation for G 32 to overload or create congestion on line 4-5. Note that "N/A" indicates that there is no impact.
Table II also shows the sequence of line overloading by each generator. It shows that some lines become overloaded for less increase in generation output in comparison with others; so that these lines will get congested first before the other lines. For example, the data in columns 2, 4 and row 1 show that the amount of output increase required for G 31 to overload line 2-3 is significantly less than the amount required to overload line 4-5. This means that congestion on line 4-5 under the current operating condition would not be possible without congestion on lines 2-3. This is also the case for generation units G 32 and G 39 . The Maximization Elimination Criterion identifies the redundancies for similar reasons. According to Proposition 3, the maximum possible line flow increase (M j * ) is computed and compared with the required flow increase for congestion (Δf j ) on the line of interest to determine if it can become congested. In this study case, if overloading line 2-3 is avoided, then M 4−5 * will never reach Δf 4−5 so that the transmission constraint of line 4-5 is redundant.
We next illustrate the Comparative Elimination Criterion. In order to search for SCTLs, the Comparative Elimination Criterion evaluates the relative impact of generation on congestions. Under this criterion, the relative sensitivities of line flows with respect to generation outputs are compared. The comparison outcome is supported by a well-known fact about congestion in the power system. This fact is that for most lines, they only get congested by generation units at specific locations. Among these lines, the ones with less sensitive power flows to generation changes will not be congested since the more sensitive lines will always be congested first.
By taking advantage of this important feature, the Comparative Elimination Criterion identifies redundant constraints by comparing the corresponding rows in the normalized matrix of GSFs (C N L×N G ) . If all c j,i as elements of row j are smaller than the corresponding elements c k,i of row k, then line k will get congested prior to line j as the power flow of line k is more sensitive to generation changes. In other words, line j will never be congested without severely overloading line k; thus, the constraint j is a redundant constraint in the optimization problem.
We now further explain the Comparative Elimination criterion using the information in Tables I and II , which are obtained for the IEEE-39 bus system. As shown by the last column of Table I , line 16-19 is only sensitive to outputs of generation units G 33 and G 34 . In particular, calculation shows that an output increase in the amount of 51.6 MW on either of the two generation units will overload this line. All other lines have smaller GSFs, and are less sensitive to the output changes of G 33 and G 34 . Therefore, it is concluded that they will not get congested without the limit of lines 16-19 being first violated.
2) IEEE 39-Bus System Case Study Results: The full ac power flow analysis is performed in the case study to demonstrate how the proposed algorithm can be used to reduce the size of the set of SCTLs by eliminating redundant constraints. The results of the IEEE 39-bus system example are presented in Table III: Based on intensive simulation results, we found that 1) all the SCTLs are included in the smaller set of constraints identified by the Intersection Algorithm, and 2) a few lines that do not bind may have also been included in the set. This observation confirms that the Intersection Algorithm is a conservative method - Although a few non-binding lines may have also been included, any SCTL should always be included as long as there is no significant change in the generation-load pattern. For example, only one non-binding constraint is included in the set of SCTLs identified by the Intersection Algorithm for the IEEE 39-bus system. Proposition 1 can also be validated in this case study. In the OPF problem, the change of output at the slack bus ΔP G S l a c k is not a decision variable. Therefore, there will be NG − 1 decision variables. As the number of lines is significantly more than the number of generation units, max rank([GSF ] N L×N G ) = NG − 1 definitely holds and it implies that the maximum number of SCTLs is smaller than the number of generation units. In the IEEE 39-bus system example, the maximum number of simultaneously binding constraints is expected to be less than or equal to rank([GSF ]) = 9. This result is consistent with the observations of the intensive simulation studies performed by varying generation offer costs and capacity limits. The binding constraints in selected simulation runs of the IEEE 39-bus system are summarized below: These results among many others that are not shown here, confirm that the number of SCTLs observed is consistent with the conclusion of Proposition 1 and the result obtained based on the proposed Intersection Algorithm.
B. Intersection Algorithm Application in Texas Power System
In order to demonstrate the practical application of the proposed algorithm, we use the Texas (ERCOT) power system model for identification of the SCTLs. The unique advantages of the algorithm become evident in this case study as most ISOs including ERCOT do not use an analytical approach to identify the SCTLs. The current state of practice is to identify a list of generic or most watched list of constraints through contingency analysis during operation planning.
The model we used consists of 5,781 buses, 6,988 lines and transformers, and 552 generation units. For this system, the maximum number of SCTLs is expected to be less than or equal to the rank([GSF]) = 551. Having 18 congestions in the base case scenario, the proposed algorithm is implemented as follows.
First, to apply the Maximization Elimination Criterion, it is necessary to find the optimal changes in generation dispatch to calculate the maximum possible power flow of each transmission line. For this purpose, a proxy is used in this study so that power flow is substantially increased system-wide. By this proxy, the optimal changes of generation for each line of interest are assumed to be +3% change of generation at buses with positive GSFs and −3% changes of generation at buses with negative GSFs. As results, the Maximization Elimination Criterion identifies 950 constraints as the SCTL candidates. Then, to apply the Comparative Elimination Criterion, the [C] matrix is built and entries of each row are compared with their corresponded entries in other rows. This criterion also identifies 1,284 constraints as the SCTL candidates. Eventually, the Intersection Algorithm which considers the intersection of the results from both aforementioned criteria, isolates 174 constraints as SCTLs.
This study demonstrates the practical significance and effectiveness of the proposed algorithm. Indeed, it brings great practical benefit to the power system and market operators and market participants to be able to eliminate 97.5% of the redundant constraints in a realistic bulk power system model such as the Texas system.
Other operating conditions such as heavy load demand or high wind production have been examined and the results show that the percentage of eliminations remains remarkably high. In fact, the algorithm provides necessary screening to identify a much smaller set of lines that include both the already congested lines and the lines that may become congested. As long as the generation and load zones do not change significantly, the results obtained from the algorithm would be consistent with the congestion profile. This observation remains to be true even under very high load demand.
Due to the conservative estimation, heavy loading conditions will not increase the size of the set of SCTLs. However, the number of congested lines within the set of SCTL will increase. Interestingly, stressed operating conditions such as heavy load demand can help to improve the algorithm solution. This is because under stressed conditions, many generation units operate at capacity limits and the number of dispatch decision variables (and hence the number of estimated SCTLs) is reduced.
On the computational performance, all case studies of this work are performed using the R and MATLAB software, on a PC with the 2.53-GHz Core 2 DUO processor and 4 GB of RAM. The computational times are 3-4 seconds for the IEEE 39-bus system, and slightly more than 2 hours for the Texas system. We expect that the computer time should be significantly reduced to under 30 minutes with available higher speed CPU and more RAMs for large-scale power system studies.
V. CONCLUSION
In this paper, we provide an algorithm and criteria that can be used to identify the set of possible simultaneously congested lines in short-term power system operation and power markets. Specifically, we first show that, for a given unique optimal solution to the generation dispatch OPF problem, the theoretical limit for SCTLs is the number of the dispatch decisions of all online dispatchable generation units. Then, the algorithm is developed to further identify a reduced set of lines based on two criteria (Maximization and Comparative Elimination criteria) that evaluates both the absolute impact of generation dispatch decisions and relative sensitivities of power flow between different transmission lines with respect to the changes in generation outputs. These two criteria and the proposed algorithm are sufficient conditions for identification of the reduced set of SCTLs. Their implementations are illustrated using the IEEE 39-bus system test model, while the practical effectiveness is demonstrated through intensive simulations using a large-scale real-world power system.
It is also important to note that the sensitivities and constraint limits used in the algorithm come from SCED. They should represent both the pre-contingency (i.e., the "base case") and post-contingency security requirements. These sensitivity and limit parameters are normally provided to SCED by contingency analysis performed in day-ahead or real-time operation studies. Therefore, to the extent of the post-contingency security requirements identified by the contingency analysis, the proposed algorithm can effectively study SCTLs corresponding to post-contingency states.
APPENDIX
A. Proof of Proposition 1
The mathematical proof of Proposition 1 is simple. It will be explained through the following two scenarios in power system operation.
1) If all online generation units have unlimited capacities so that the transmission constraints are the only inequality constraints; then (9) can be transformed into the following equalities with slack variables,
where, Based on the linear algebra concepts, and the singular value decomposition based method discussed in [11] , if the optimal solution is unique, then the number of independent equations in (18) should be less than or equal to the number of decision variables. This indicates that the maximum rank of (GSF ) is NG. Based on (18) , if rank([GSF Δf j ]) = rank(GSF ), then with rank (GSF ) = NL < NG < NL, there are at least (NG − NL) number of transmission lines that are not independent or redundant in other word. Note that NL is the number of inequality constraints of the transmission lines. 2) If some of the generation capacity constraints are binding, then the number of independent equations in NL will be reduced without changing the above conclusion on the maximum number of independent equations.
B. Proof of Proposition 2
The proof of this proposition is straightforward. If the maximum possible line flow increase on line j: M j * = N G i=1 GSF j,i ΔP G i * does not exceed the line limit (i.e., M j * ≤ Δf j ), then any dispatch of generation outputs will not exceed the line limit. This suggests that the constraint of line j will never be binding; therefore, it is a redundant constraint.
To further identify constraint redundancy, the following two properties of power flow can be used to find the maximum increase of line flow M j * : 1) a positive change of optimal generation dispatch is always located at a bus that has a positive GSF with respective to line j, and 2) a negative change of optimal generation dispatch is always located at a bus that has a negative GSF with respect to line j. Therefore, the maximum line flow can be written as the sum of two parts:
where P j = {i; GSF j,i > 0} and N j = {i; GSF j,i < 0} His research interests include power systems operation, power market, and big data analysis for power system reliability assessment and power market analysis.
